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ABSTRACT
The compositions of stars and planets are connected, yet, the definition of “habitability” and the
“habitable zone” only take into account the physical relationship between the star and planet. Planets,
however, are made truly habitable by both chemical and physical processes which regulate climatic
and geochemical cycling between atmosphere, surface, and interior reservoirs. Despite this, “Earth-
like” is often defined as a planet made of a mixture of rock and Fe that is roughly 1 Earth-density. To
understand the interior of a terrestrial planet, the stellar abundances of planet-building elements (e.g.
Mg, Si, and Fe) can be utilized as a proxy for the planet’s composition. We explore the planetary
mineralogy and structure for fictive planets around the 10 closest stars to the Sun using stellar abun-
dances from the Hypatia Catalog. Despite our sample containing stars both sub- and super-solar in
their abundances, we find that the mineralogies are very similar for all 10 planets – since the error or
spread in the stellar abundances create significant degeneracy in the models. We show that abundance
uncertainties need to be on the order of [Fe/H] < 0.02 dex, [Si/H] < 0.01 dex, [Al/H] < 0.002 dex,
while [Mg/H] and [Ca/H] < 0.001 dex, in order to distinguish two unique planetary populations in
our sample of 10 stars. While these precisions are high, we believe they are possible given certain
abundance techniques, in addition to methodological transparency, recently demonstrated in the lit-
erature. However, without these precisions, the uncertainty in planetary structures will be so high
that we will be unable to say confidently that a planet is like the Earth, or unlike anything we’ve ever
seen.
Subject headings: stars: abundances – planetary systems – planets and satellites: detection
1. INTRODUCTION
Stars and planets are formed at roughly the same
time and from the same original cloud of gas and dust.
Whether the planets were formed due to core accretion
(Pollack et al. 1996) or gravitational instability (Boss
1997), the composition of the star and planet are inextri-
cably linked. Provided optimum geometry, it is possible
to measure the composition of an exoplanet’s atmosphere
via the absorption of the host star’s light. Unfortunately
this technique is difficult given the atmospheric signal
perturbation is very small, ∼ 10−3 − 10−5, with respect
to the stellar spectra (Deming & Seager 2017).
We are yet unable to directly observe the composi-
tion of a solid planetary regime, which is an important
consideration when discussing “habitable” and “Earth-
like” planets (Tasker et al. 2017). Instead, an observed
planet’s mass and radius are often used to constrain the
solid, bulk composition of a planet: e.g. the relative size
of its core and mantle (Dorn et al. 2015; Unterborn et al.
2016). However, the mass-radius relationship alone is
limited in its utility for distinguishing fine detail for a
terrestrial planet interior, due to the degeneracies inher-
ent when bulk composition is left as a free parameter. As
a result, we are only able to simply state that a planet
is rocky or icy. Therefore, stellar elemental abundance
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ratios are needed to break the mass-radius degeneracy
and adopt a more holistic mass-radius-composition un-
derstanding of terrestrial exoplanets.
A planet’s host star composition, however, represents
a currently underutilized indirect measurement of terres-
trial planet composition. Thiabaud et al. (2015) explored
the elemental relationship between a star and a planet,
namely whether composition is determined via chemical
equilibrium (minimizing Gibbs free energy, Elser et al.
2012) or whether the Fe/Si and Mg/Si are the same
as the host star’s composition. They concentrated on
Mg, Si, and Fe, which are prone to being condensed into
solid, rocky material since their condensation tempera-
tures (TC) are high. Elements with TC >∼ 1200 K are
considered refractory while those with 900 K <∼ TC <∼
1200 K are moderately volatile. Additionally, Thiabaud
et al. (2015) analyzed C and O, or elements that are typ-
ically found in gases with TC < ∼900 K, or volatiles. By
employing a planet formation and composition model,
while cycling through a range of abundance ratios, they
were able to determine that elements present within a
planet were identical to those within a star. Other re-
cent work shows the Solar composition is a good proxy for
the Earth’s and potentially Venus’ bulk composition us-
ing self-consistent mass-radius relations (Unterborn et al.
2016).
Terrestrial planets are built mostly via refractory ele-
ments, namely Mg, Si, Fe and O. In other words, 95% of
the structure within the bulk Earth (namely the silicate-
shell containing the mantle and crust) can be created
using a combination of only these four elements (Mc-
Donough 2003).
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The relative fractions of refractory elements, namely
Si/Mg, affect the relative proportions of olivine to pyrox-
ene at pressures and temperatures indicative of the up-
per mantle, as well as Mg-perovskite (bridgmanite is the
phase bearing both Mg and Fe) and ferropericlase in the
lower mantle. These mineral distributions, in turn, can
affect melting relations, the viscous and elastic (or vis-
coelastic) properties of the planet, and potential for long-
term sustentation of tectonic processes (Foley & Driscoll
2016; Unterborn et al. 2017b, and references therein).
Additionally, Fe/Mg is shown to affect the relative size
of a planet’s core, which in turn may alter the heat flow
from the core into the mantle and subsequently out of
the mantle at the surface. The prevalence of moderate
volatiles can influence exoplanet crustal composition and
affect tectonic processes by preferentially fractionating
and creating more andesitic conditions, or the interac-
tion between converging plates which lead to continental
crust formation. These conditions play a key role in geo-
chemical cycling and buoyancy of subducting material,
which governs the sideways and downward movement of
tectonic plates (Unterborn et al. 2017b).
Volatiles also play an important role. For example,
planets with elevated C abundances are likely to con-
tain reduced diamond in their mantles, limiting convec-
tive forces due to the diamond’s increased viscosity and
thermal conductivity (Unterborn et al. 2014). As such,
planet composition can drastically affect the geodynamic
and geochemical processes present on a terrestrial exo-
planet. Therefore, stellar composition provides us with
a key, yet underused, observable for understanding the
geologic nature of an exoplanetary system, and must be
considered along with mass-radius studies, when describ-
ing planets as “Earth-like”.
Therefore, if we are to define a more holistic view of
“habitability” and “Earth-like,” all of the available phys-
ical and chemical data needs to be utilized in order to
understand planets at a level meaningful in our search
for other Earths and even life. This is especially impor-
tant with the upcoming missions focusing on character-
izing exoplanets, i.e. the Transiting Exoplanet Survey
Satellite (TESS), the CHaracterizing ExOPlanets Satel-
lite (CHEOPS), the PLAnetary Transits and Oscillations
of stars (PLATO) mission, and the Wide-Field InfraRed
Survey Telescope (WFIRST). In this paper, we look at
the 10 closest† stars to the Sun and analyze their stellar
abundances per the Hypatia Catalog (Hinkel et al. 2014),
as outlined in Section 2. In Section 3, we briefly assess
the mineralogies of fictive planets around these stars (ex-
plained in more detail in Paper II, Unterborn & Hinkel
2017), which are similar due to the errors associated with
the stellar abundances. In Section 4, we present an alge-
braic walk-through to determine the abundance precision
needed to distinguish two unique populations of planet
mineralogies, both in our sample of 10 and within the Hy-
patia Catalog as a whole. In Section 5, we discuss what
is physically known about the sample of 10 stars, such
that any detected terrestrial planets can be quickly and
easily characterized. Finally, we summarize our results
in Section 6.
2. SAMPLE SELECTION
For our sample of targets, we turn to the place that
is most often observed by astronomers and most in-
teresting for habitability: the stars closest to the Sun.
From a technological standpoint, nearby stars will have
higher measurement precision for the stellar properties
and therefore will be more closely monitored for orbit-
ing planets. Because of their proximity, they will also
have more high resolution stellar abundance measure-
ments and for a wider variety of elements. As a result, the
properties of discovered planets will be very well known,
as can be seen for Proxima Centauri b (Anglada-Escude´
et al. 2016).
To begin, we adopt to the Hypatia Catalog (Hinkel
et al. 2014, 2016, 2017) which contains stellar abundances
for FGK-type stars within 150 pc of the Sun3. Stellar
abundances are defined such that an element ratio in a
star (*) is compared to that same element ratio in the
Sun ():
[X/H] = log (NX/NY )∗ − log (NX/NY ) , (1)
where the square brackets indicate solar normalization
and NX and NH are the number of X and Y atoms
(in mol) per unit volume, respectively. The associated
unit is a logarithmic unit: dex. Hypatia is an amalga-
mate dataset compiled of abundance measurements from
>200 literature sources. It is the largest dataset of main-
sequence stellar abundances for stars near to the Sun and
currently boasts ∼28,000 abundance measurements for
∼6000 stars. Additionally, it is unbiased in it’s inclusion.
Namely, if a literature data set contains the abundance
determination for Fe and one other element within main-
sequence stars in the solar neighborhood (150 pc), then
it is added into Hypatia. All datasets have their intrin-
sic solar normalization scale removed and replaced with
Lodders et al. (2009) so that all abundance data will be
on the same baseline. Different solar normalizations can
cause a shift of 0.06 dex, on average, for all of [X/H]
abundances (Hinkel et al. 2014). We use Hypatia not
only because of its breadth, but also because it allows a
true understanding of how different groups using a va-
riety techniques measure elemental abundances within a
star, or the spread.
We searched the Hypatia Catalog for stars that are
nearest to the Sun that also have abundance measure-
ments for all five elements: Mg, Al, Si, Ca, and Fe. How-
ever, we did not wish to include gravitational or spectro-
scopic binaries in order to minimize overlap of the indi-
vidual star’s spectra. We have listed those binary stars
not included in our analysis in the Appendix. The one ex-
ception that we made was with respect to HIP 108870 (
Ind) that has a wide orbital brown dwarf at a distance of
>1400 AU (Scholz et al. 2003); note Pluto is at a distance
of ∼40 AU from the Sun (see Section 5). Additionally, we
opted to exclude any nearby stellar systems that already
had detected planets4 – also listed in the Appendix. In
this way, we are able analyze systems with simple, the-
oretical planetary formation mechanisms, that don’t in-
volve planetary migration or fractionation of the stellar
abundances with respect to composition.
One of the most powerful tools within the Hypatia Cat-
alog is the spread in the abundance data. When multiple
literature sources measure the same element within the
same star, the spread is defined as the range in those
3 www.hypatiacatalog.com
4 exoplanetarchive.ipac.caltech.edu
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Fig. 1.— Mollweide projection showing the sample of targets (see
Table 1).
abundance determinations (after they are renormalized
to Lodders et al. 2009). In many instances, the spread
is larger than the quoted error from a given literature
source, which reveals how truly “well understood” abun-
dance measurements can be within a star (see Hinkel
et al. 2014, particularly the top of Figure 3, for a more
thorough discussion). In this vein, we found that a num-
ber of stars had abundance spreads that were > 0.70 dex
for one or many of the element abundances. We found
that the large spread, even when using the median val-
ues, did not give us reliable abundance values. Therefore,
we retained stars that had only had abundance spreads
< 0.50 dex – those that were removed are listed in the
Appendix.
We therefore define a sample of the 10 “closest” stars
for the purposes of our study, which are listed in Ta-
ble 1 with physical properties included from the Hypatia
Catalog (Hinkel et al. 2017). Of note, stellar distances
vary from 3.62–7.53pc. The optimistic (Opt) and conser-
vative (Cons) habitable zone (HZ) distances were deter-
mined using the calculator offered by the Virtual Plane-
tary Laboratory5 per the equations in Kopparapu et al.
(2013, 2014). Additionally, the location on the sky for
the 10 stars is shown on a Mollweide projection in Figure
1, where we see the large RA and Dec space covered by
our selected sample.
2.1. Stellar Abundances for the Sample
The adopted stellar abundances from Hypatia for the
sample of targets are given in Tables 3 and 4. Per the Hy-
patia methodology (Hinkel et al. 2014), the median value
of measurements (as determined by multiple groups) are
listed as [X/H] while the spread or range of those values
are given as sp[X/H]. The only exceptions are for HIP
73148 and HIP 99461 where the [Mg/H] abundance was
measured by one group (Luck & Heiter 2005; Maldonado
et al. 2015, respectively) and therefore had a spread =
0.0. For these two cases, we used the individual error
for [Mg/H] within each star as reported directly by the
literature source. Additionally, within Tables 3 and 4,
we have listed the [Mg/H] abundances associated with
each element. The ExoPlex code (see Section 3) requires
that the molar ratios of the four elements (Ca, Al, Si,
Fe) are with respect to Mg (see Section 3 and Table 5).
5 http://depts.washington.edu/naivpl/content/hz-calculator
The abundance and spread for [Mg/H]Y means that only
those data sets that measured both [Y/H] and [Mg/H]
were used to calculate the final [Mg/H]Y value. In this
way, we are able to ensure that we were comparing simi-
lar quantities from like-sources, as opposed to taking the
median value of, for example, 7 datasets that measured
[Fe/H] while only 2 who also measured [Mg/H]. There-
fore, a unique [Mg/H] calculation was needed for each of
the four elements.
In Figure 2 (left), we have plotted the molar ratios of
Fe/Mg vs Si/Mg for all stars within the Hypatia Cata-
log (orange) that have abundances for the three elements
– and corresponding Mg measurements within the same
data set. For a breakdown on how to convert stellar
abundances to molar fraction, see Section 4. We have
overlaid the ratios of our sample in black, including the
Sun as reference, per the values in Table 5. We see that
the 10 closest stars are mostly centered within the plot,
similar to the majority of the Hypatia stars, with a cou-
ple in the more extreme regions, namely HIP 99461 and
HIP 73184. Similarly, we have plotted Si/Mg vs Al/Mg
in Figure 2 (right), where the Hypatia stars are color-
coded blue and the sample of 10 closest stars is black.
Again, HIP 99461 and HIP 73184 are more extreme than
the other stars in their molar ratios, in addition to HIP
12114. Finally, we show Si/Mg with respect to Ca/Mg
in Figure 2 (bottom), with the Hypatia stars in light
green. The sample of 10 stars show molar ratios that
are clustered together as compared to the Hypatia stars.
Both HIP 3765 and HIP 17378 have relatively low Ca/Mg
while HIP 64394 is at the other extreme.
2.2. The Importance of the C/O Ratio
The C/O ratio of a planetary disk is a primary control
on the oxidation state of the condensates from which
terrestrial planets are built. Above the C/O ∼ 0.8-1.0
threshold, carbon as graphite (SiC and TiC) becomes the
dominant condensate at refractory temperatures (Bond
et al. 2010b). Stars in these systems are likely to produce
terrestrial planets dominated by similar reduced carbon
species (Bond et al. 2010b). The high C/O systems are
also unlikely to produce geodynamically active planets
(Unterborn et al. 2014), thus limiting degassing and any
potential to be habitable.
Refractory carbon may be present in disks of solar com-
position; Lodders (2003) notes that this will likely only
be in small amounts, thus limiting the effects on final
planet chemistry. Moriarty et al. (2014) observed that
the small amount of carbon may be as low as C/O ∼0.65
when dynamical effects within the disk are taken into
account. Given the impact of carbon on planetary for-
mation, our sample of 10 stars was chosen such that C/O
<∼ 0.8 with the exception of and HIP73184 and HIP12114
where either C, O, or both abundances were not avail-
able. Additionally, HIP108870 has C/O = 0.88, since
we assume that the threshold for needed to take carbon
chemistry into account within the disk as closer to 1.0.
Future models and observations will likely help to con-
strain and narrow the C/O range of influence.
3. BUILDING PLANETS
For those planets forming with C/O <∼ 0.8, the
dominant terrestrial planet-building condensates will be
Fe and Mg- and Si-bearing silicates (e.g. forsterite
4 Hinkel & Unterborn
Fig. 2.— Molar ratios for the sample of 10 stars, including the Sun, labelled. Left: Fe/Mg with respect to Si/Mg, where the Hypatia
Catalog stars are in orange. Right: Si/Mg versus Al/Mg, with the Hypatia stars in blue. Bottom: Si/Mg with respect to Ca/Mg, where
Hypatia stars are in light green.
Mg2SiO4), with comparatively minor portions of Al- and
Ca- species (e.g. corundum, Al2O3) present as well.
While the specifics of planet formation and accretion may
cause a greater or lesser fraction of accretionary material
to coalesce into planets, little fractionation of these ma-
jor elements relative to each other is expected. This is
because in the case of Mg, Fe and Si, the elements have
condensation temperatures within 20 K of each other
for both solar and non-solar disk compositions (Lodders
2003; Unterborn et al. 2016). When post-condensation
dynamics are taken into account, the relative ratios (e.g.
Si/Mg, Fe/Mg) are again found to change only on the or-
der of 3 wt% for our solar system (Bond et al. 2010b,a)
compared to solar abundances. Thus, while metallicity
and other absolute abundances of the elements are po-
tentially useful for understanding other aspects of exo-
planets (e.g. the mass-metallicity relationship for Jovian
exoplanets, Thorngren et al. 2016), the major controls
on terrestrial planet chemistry and mineralogy are the
ratios of these 5 refractory elements: Mg, Al, Si, Ca, and
Fe.
The relationship between stellar composition and ter-
restrial planets is well grounded in our understanding
of the chemistry and physics of planet formation. Re-
cent work has shown the Sun’s refractory composition is
an acceptable proxy for the Earth’s bulk composition in
reproducing the Earth’s mass, radius, and bulk compo-
sition to within 20% (Dorn et al. 2015; Unterborn et al.
2016). The same is true for planets outside of our so-
lar system with respect to their host star’s refractory
element abundances (Thiabaud et al. 2015; Dorn et al.
2016, 2017). These compositional contrasts offer hope
given the the significant degeneracy in the inferred bulk
interior structure and mineralogy of terrestrial exoplan-
ets when mass and radius alone are adopted (Dorn et al.
2015, 2016, 2017).
The ExoPlex code iteratively solves for a planet’s den-
sity, pressure, gravity and adiabatic temperature profiles
that are consistent with the pressures derived from the
mass within a sphere,
dm(r)
dr
= 4pir2ρ(r) (2)
the equation of hydrostatic equilibrium,
dP (r)
dr
=
−Gm(r)ρ(r)
r2
(3)
and the equation of state (EOS),
P (r) = f(ρ(r), T (r)) (4)
where r is the radius, m(r) is the mass within a shell
of radius r + dr, ρ is the density, P is the pressure, T
is the temperature, and G is the gravitational constant.
The positions r of the shells is then recalculated using
the volume calculated from the new density at depth
and shell mass. This process is then iterated until con-
vergence, which we define as the change in density in
every shell between iterations does not change by one
part in 10−6. We partition each modeled planet into a
metal core composed of pure liquid-Fe and a rocky man-
tle. ExoPlex determines the mineralogy and density as
determined by the EOS at each depth in the rocky man-
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tle using the PerPlex Gibbs free energy minimizer pack-
age (Connolly 2009). We adopt the thermally dependent
EOS formalisms of Stixrude & Lithgow-Bertelloni (2005)
for the mantle, Anderson & Ahrens (1994) for the liquid
Fe-core. While we neglect light elements in the core, the
change to the mass-radius relation is only a few percent
at Earth-like light element mass fractions (≥ 10%, Un-
terborn et al. 2016).
For our sample of 10 stars, initial ratios from Table 5
were adopted and model mineralogies and density pro-
files were calculated for fictive terrestrial planets orbiting
the stars, assuming to be 1 Earth-radius. Models were
run using the ExoPlex planet-building code (Unterborn
et al. 2017a; Lorenzo et al. 2017) along self-consistent
adiabatic temperature profiles of 1500, 1700 and 1900
K, which cover a range of cold, hot, and “Earth-like”
geotherms. For simplicity, all Fe is assumed to remain in
the core and thus represents a planet with an oxidation
state at or below any oxidized iron redox buffers (e.g.
iron-wu¨stite/quartz-iron-fayelite). We show in Figure 3
the modeled mineralogies and density profiles for a planet
of solar composition (Lodders et al. 2009). Overlaid as a
solid black line is the density profile of the Preliminary
Reference Earth Model (PREM; Dziewonski & Ander-
son 1981). While the PREM incorrectly predicts the size
of the core (likely due to the lack of incorporating light
elements into the metal), the density profiles of the “so-
lar” planet and Earth are remarkably similar.
Similar models for Venus would elucidate the validity
of our star/planet model, since Venus makes up nearly
40% of the total mass of terrestrial planets in the so-
lar system. The bulk composition of Venus or even its
core size (a key constraint in mass-radius models) is not
known. Mars and Mercury, on the other hand, have
modest constraints on their bulk composition, however,
given their small sizes (0.10 and 0.06 Earth masses, re-
spectively, or <10% of all terrestrial planet masses in the
Solar System), low-pressure silicate phases will dominate
the bulk of the silicate portion of the planet. These min-
erals will be more indicative of the Earth’s upper man-
tle, where changes in oxygen fugacity and minor element
content will have a larger effect on the phase equilib-
ria and behavior of the minerals. The threshold from
upper-mantle-dominated planets occurs at roughly 0.2
Earth masses, and we would stress the lack of utility in
applying star/planet models to any future exoplanet dis-
coveries below this mass. Further details will be provided
in Paper II, Unterborn & Hinkel (2017).
The compositional space for the sample of 10 stars are
similar and not wholly unlike the Earth, with varying
proportions of the dominant terrestrial planet-building
minerals: olivine, pyroxene, Mg-Al-perovskite and per-
iclase. Temperature has a minor effect, mostly chang-
ing mineralogies in the transition zone, from akimotoite-
dominated for colder planets and wadsleyite-dominated
for planets with potential temperatures greater than the
modern Earth’s. While these models do not include the
effects of Fe incorporation into these minerals, it should
be noted that Fe partitioning into each of these species is
possible. Geochemical and geophysical consequences of
the abundance variations are explored more generally in
forthcoming work (Unterborn & Hinkel 2017). Of note,
though, are the similarities between the mineralogies and
structures for planets around these 10 stars. As shown in
Tables 3 and 4, the bulk abundances vary to a significant
degree between the stars, especially for the thick-disk
star HIP 57939 which has [X/H] abundances consistently
below -1.0 dex. However, the molar fractions of these el-
ements (see Section 4) are markedly similar, per Table 6
and Figure 2.
ExoPlex utilizes the spreads associated with the stellar
abundances from the Hypatia Catalog, per error prop-
agation of the two abundances used to calculate that
molar fraction; for example the error for Si/Mg is de-
termined from the spread associated with [Si/H] and
[Mg/H]. The large spreads in the abundances create sig-
nificant errors in the molar fractions, as shown in Table
6. As a result, and as discussed more extensively in Pa-
per II Unterborn & Hinkel (2017), the compositions for
the 10 planets are markedly alike to within the error or
spread.
4. DETERMINING DISTINCT PLANETARY
MINERALOGIES
We determined the errors (σ) for the molar fractions,
shown in Table 5, by propagating the spread in the stellar
abundances (per Tables 3 and 4) for the anti-logarithm,
base-10. In other words, the molar fraction X/Y is de-
termined by the stellar abundances X = [X/H] and Y =
[Y/H], such that
X/Y = 10(X+A−Y−B) , (5)
where A is the solar composition of X and B is the solar
composition of Y. We calculate the error on the molar
fractions, SX/Y , per:
SX/Y = 2.303 ∗
√
S2X + S
2
Y , (6)
where SX and SY are the spreads or errors on [X/H] and
[Y/H], respectively, as given in Tables 3 and 4. For our
purposes, we assumed that there was no error on the solar
stellar abundances. Additionally, we utilized the spread
in the Mg values associated with each respective element
(see Section 2.1). In this way we calculated the σ errors
shown in Table 5. Looking at all of the “extreme” molar
fractions from Figure 2, it’s clear that the errors overlap
for all of the stars in our sample.
However, while the spreads in the [X/H] stellar abun-
dances are large, we would like to know what the spreads
or ultimate error within the stellar abundances must
roughly be in order to distinguish two unique plan-
etary populations. Therefore, we compute the general
precision that stellar abundance errors or spreads need
to achieve for the molar ratio errors to meet half way
between the “extreme” stars in our sample, not includ-
ing the Sun. In this way, we can identify what stellar
information is needed for the planetary models in our
sample to be “different” to within error. Per Table 5,
the extreme Si/Mg ratios are found in HIP 99240 and
HIP 23311; for Fe/Mg we look at HIP 64394 and HIP
23311; for Al/Mg we examine HIP 23311/1088870 and
HIP 57939; and finally for Ca/Mg we look at HIP 64394
and HIP 3765/17378. For Si/Mg the max distance be-
tween the extreme stars is 0.25 so half of that is 0.125,
which we will call σmax. For Fe/Mg, half of the max
σmax is 0.215, for Al/Mg it’s 0.025, and for Ca/Mg it is
0.015.
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Fig. 3.— Phase diagrams for a modeled terrestrial planet of solar composition (Lodders et al. 2009) for mantle adiabats of 1500 (left),
1700 (middle), and 1900 K (right). Density profiles are included for the modeled planet (black dashed) and the Preliminary Reference
Earth Model (PREM; Dziewonski & Anderson 1981) is shown for comparison (black solid). Models were run assuming a planet of 1 Earth
radius.
Fig. 4.— Reproduction of the subplots in Figure 2 without the Sun, with error ellipses that span half the range of the sample in both the
x- and y-directions. Left: the dark blue ellipses show the extremes for the sample of 10 stars (black dots) studied here while the light blue
ellipses are with respect to the full sample in orange from the Hypatia Catalog. Right: similar as the left, where the light green ellipses
are for the 10 stars and the yellow are for the Hypatia stars. Bottom: similar to the other two, where the light blue ellipses are for the 10
stars and the yellow are for the Hypatia stars. See text for details.
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We give a pictorial diagram of the σmax errors for our
sample in Figure 4. On the left, we reproduce Figure 2
(left) showing the sample of 10 stars as black dots and
the Hypatia stars in orange. We have overlaid dark blue
ellipses to show the extreme molar ratios between the
stars in our subsample. In the case of the lower-left dark
blue ellipse, the extreme low in both Si/Mg and Fe/Mg
is HIP 23311. However, for the upper-right dark blue
ellipse, there isn’t one single star with the highest Si/Mg
and Fe/Mg for this sample, so we put the center of the
ellipse where it would be. The ellipses have a width and
height of extreme high-to-low range, or 2 × σmax values,
for the respective molar ratios, such that the edges of
the ellipses only just touch in the x- and y-directions.
By separately analyzing the molar ratios in the x- and
y-directions, the ellipses are in each of the two directions
individually, but they did not physically touch in the 2D-
plane. If the dark blue ellipses touched in the 2D plane,
there would be an overlap in Si/Mg and Fe/Mg between
the two populations, which would produce a degeneracy
in the planetary compositions. By removing any overlap,
we have created distinct populations of stars that are
separate to within error in both the x- and y-directions.
To the right of Figure 4, we have recreated Figure 2
(left) where we have again added green ellipses at the
extreme molar ratios within the sample of 10. Since the
same star does not have both the highest and lowest mo-
lar ratios of Al/Mg and Si/Mg, we have placed the center
of the ellipses where the extremes occur (see Table 5).
Again, the entire range of the σmax values in the x- and
y-directions are encompassed by the width and height,
respectively, of the ellipses. Finally, on the bottom of
Figure 4, we have plotted Ca/Mg with respect to Si/Mg
(as seen in Figure 2, bottom), where the center of blue
ellipses represent the extremes for both molar fractions.
We take these error maximum values as SX/Y = σmax,
or half the width and height of the ellipses. Then, as-
suming that the spread or error in [X/H] is the same as
[Y/H], or Sx = Sy, to make the calculations simpler, we
can simplify Eq. 6 to be:
σmax > 2.303 ∗
√
2 ∗ S2x . (7)
From here, we solve for Sx, which results in:√
0.5 ∗
(
σmax
2.303
)2
> Sx . (8)
We now have an equation that will calculate the spread
or error in the stellar abundances that will in turn pro-
duce an error in the molar ratio that spans half the range
(or less) of our sample.
For the Si/Mg molar ratio, σmax = 0.25 so the [Si/H]
and [Mg/H] stellar abundances need a precision of 0.01
dex or better, per Eq. 4. Similarly, for the Fe/Mg ra-
tio, [Fe/H] and [Mg/H] need a 0.02 dex precision (Figure
2, left). The [Al/H] and [Mg/H] abundance ratios need
0.002 dex for Al/Mg (Figure 2, right) while [Ca/H] and
[Mg/H] need 0.001 dex for Ca/Mg. In other words, the
stellar abundances have to be precise on the order of
0.001–0.02 dex in order to distinguish two distinct pop-
ulations within the molar ratios. While very difficult,
there are a number of groups who have reported that
precision for large groups of stars, see Section 4.3. With
precise stellar abundances below these limits, we can de-
fine two unique populations of stars (as seen in Figure 4).
Namely, if terrestrial planets were discovered in orbit, our
model predicts the planetary structures and mineralogies
would be distinctly different to within error of both the
stellar abundances and molar ratios. The third popu-
lation of planetary systems, namely those that are not
included within the ellipses, would have degenerate com-
positions that could not be indicated as either having low
molar ratios of Fe/Mg vs Si/Mg vs Al/Mg vs Ca/Mg or
high molar ratios.
Using ExoPlex (see Section 3), we have modeled the
planetary compositions of the extreme high and extreme
low molar fractions, taking into account the uncertainty
required in our analysis to make the two distinct – see
Figure 5. As expected, the high Fe/Mg population (top)
has a larger core than the low Fe/Mg planet (bottom).
In addition to this major structural difference, the lower
Si/Mg sample contains a larger fraction of both olivine
(in the upper mantle) and periclase (in the lower mantle)
than the greater Si/Mg population. Furthermore, the
transition zone mineralogies are significantly different,
with the low Si/Mg sample containing little comparative
garnet, thus increasing the overall water storage capac-
ity of this key mantle reservoir. Temperature, too, affects
the mineralogy of the transition zone as well. With those
planets run along a “hot” adiabat (1900 K mantle po-
tential temperature), displaying no ringwoodite, whereas
the “cold” adiabat stabilizes stishovite (a high pressure
polymorph of SiO2) and akimotoite at the expense of
ringwoodite. While these are only those indicative from
a first-order, equilibrium mineralogy model, these com-
positional changes can affect the dynamical state and
rate of geochemical cycling on these planets.
4.1. Planet Mineralogies within Hypatia
In this paper, we have chosen to look a small sample
of nearby (< 10 pc) stars. However, it is clear that those
stars encompass only a small fraction of the molar ra-
tio space, namely Fe/Mg vs Si/Mg vs Al/Mg vs Ca/Mg,
as shown in Figure 4. So as not to say that abundance
ratios of refractory elements do not expand beyond this
range, we expand our exploration to look at the full sam-
ple of the Hypatia stars, per Figure 4. In this way, we
can analyze how the errors in stellar abundances propa-
gate to molar fraction and, ultimately, how that impacts
planetary structure and mineralogy for ∼6000 stars in
the solar neighborhood. We look at the extreme values
for the molar ratios that have a sufficient density within
the plots and place the centers of the light blue (left),
yellow (right), and yellow (bottom) ellipses at those lo-
cations. For the Si/Mg vs Fe/Mg plot (left), that occurs
at (0.33, 0.55) and (0.92, 1.20) while the Al/Mg vs Si/Mg
plot (right) has ellipses centered at (0.55, 0.04) and (1.20,
0.12). In the bottom plot, Ca/Mg vs Si/Mg, the ellipses
are centered at (0.55, 0.035) and (1.20, 0.075). To de-
termine two populations of stars that are different to
within error of the molar ratios, we define the major-
and minor-axes of the ellipses as the total extreme, high-
to-low range for the respective molar ratio such that the
two ellipses just touch, but do not overlap, in each Carte-
sian direction.
Half of the extreme range in the molar ratios is σmax,
which is 0.325 for Si/Mg, 0.295 for Fe/Mg, 0.04 for
8 Hinkel & Unterborn
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Fig. 5.— Planetary minerology phase diagrams, similar to Figure 3, representing the extreme high molar fractions (top) and extreme low
molar fractions (bottom) as outlined in the text and represented as ellipses in Figure 4. The most notable differences are the sizes in core
and variation in Si/Mg which affects many aspects of the structure. See text for details.
Al/Mg, and 0.02 for Ca/Mg. Going through a similar
calculation as before using Eq. 4, we find that both
Si/Mg and Fe/Mg molar ratios require spreads or er-
rors in stellar abundances [Si/H], [Mg/H], and [Fe/H]
that is at or below 0.03 dex. The Al/Mg ratio finds that
[Al/H] and [Mg/H] need a precision of 0.004 dex. Fi-
nally, the Ca/Mg ratio requires [Ca/H] and [Mg/H] need
a precision that is 0.002 dex. In other words, in order to
calculate planetary structures and mineralogies that are
different, to within error of the molar ratios, the respec-
tive stellar abundances need to be precise to 0.03 dex
or below. Given that the Hypatia sample of stars spans
nearly twice the range in molar ratios as compared to the
sample of 10 stars, the precision in stellar abundances is
not greatly expanded. We will go into further detail on
how high precision stellar abundances may be obtained
in Section 4.3.
4.2. Assumptions in the Planet Mineralogies
The purpose of this walk-through is to obtain a gen-
eral idea for the precision needed in stellar abundances
to produce (only two) distinct populations of terrestrial
planets. However, we made some assumptions along the
way, for simplicity’s sake, that have minor effects on our
calculations. For example, we assumed that SX = SY
or that the error or spread in [X/H] was equal to [Y/H].
In general, the error reported for stellar abundances of
[Mg/H], [Al/H], [Si/H], and [Ca/H] are 0.07 dex, 0.06
dex, 0.05 dex, and 0.06 dex, respectively (Hinkel et al.
2014). Looking at the some of the higher-precision abun-
dances, Nissen (2015) reported errors of 0.009 dex, 0.005
dex, 0.005 dex, and 0.006 dex, respectively, while Spina
et al. (2016) had errors of 0.014 dex, 0.012 dex, 0.007
dex, and 0.013 dex. In total, it appears as though our
assumption that SX = SY isn’t radically far from the
truth, although the variation could contribute somewhat
to the needed stellar abundance precision.
When determining stellar abundances, not all datasets
are on the same baseline with respect to the solar normal-
ization (see Eq. 2). Namely, different groups chose one
of a variety of solar measurements, for example Anders
& Grevesse (1989); Grevesse & Sauval (1998); Asplund
et al. (2009); Lodders et al. (2009), or simply measured
their own either directly or as reflected light at the time
of observations. To date, there are 45 individual solar
normalizations taken into consideration within the Hy-
patia Catalog. The assortment of solar normalizations
introduces an intrinsic scatter when comparing stellar
abundances. For example, in Hypatia, the range in the
absolute abundance of Mg in the Sun is 0.17 dex while
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absolute Fe has a range of 0.26 dex. As a result, these
solar normalization disparities create a variation of ∼0.1
dex in the molar ratios (see Table 5). Within the Hypa-
tia Catalog, we sought to correct the baseline differential
by renormalizing all stellar abundances to the same so-
lar scale, namely Lodders et al. (2009). However, for the
analysis in this paper, we assumed that there were no er-
rors on the solar composition. Looking at Lodders et al.
(2009), they report absolute errors of Mg = 0.06 dex, Al
= 0.07 dex, Si = 0.01 dex, and Ca = 0.02 dex for the
Sun while Asplund et al. (2009) lists Mg = 0.04 dex, Al
= 0.03 dex, Si = 0.03 dex, and Ca = 0.04 dex. These so-
lar abundance errors can contribute an additional ∼0.007
dex precision needed in the stellar abundances to obtain
two separate populations of terrestrial planets via the
molar fractions.
Finally, we have used a specific subsample of 10 nearby
stars in order to demonstrate our intention of deter-
mining two unique populations of planetary mineralo-
gies. While we have expanded that demonstration to en-
compass the entire Hypatia Catalog in Section 4.1, our
choice of location for the ellipses was approximate and
not overly rigorous. Therefore, we urge caution that the
required abundance precisions quoted here are to be used
a general criterion, such that they are tailored to meet
the specifics of any future study.
4.3. High Precision Stellar Abundances
Through the works of Torres et al. (2012); Smiljanic
et al. (2014); Hinkel et al. (2014), it has become ap-
parent that stellar abundance techniques are discrepant.
In Hinkel et al. (2016), an international team of stellar
abundance groups came together to uncover the under-
lying reason as to why stellar abundance measurement
techniques varied. The study supplied six groups with
the same stellar spectra and tested the effects of stan-
dardizing the stellar atmospheric parameters (namely,
Teff and log(g) ), the element line lists used to measure
the abundances, and both in tandem. While some stan-
dardization helped somewhat, the kind of standardiza-
tion and the extent varied between elements as well as
methodologies. Ultimately, the experiment was not able
to completely reduce the spread in abundances between
groups.
In order to determine whether a planet’s interior struc-
ture falls into a low molar ratio, high molar ratio, or
neither/both category, we found here that stellar abun-
dances need to be nearly an order of magnitude more
precise than current, individual measurement techniques
allow. Additionally, those measurement techniques need
to be corroborated such that the range or spread of abun-
dance measurements for the same element in the same
star approaches zero. By applying the spread as the as-
sociated error in this study, we have utilized this im-
portant metric to illuminate how well-measured stellar
abundances truly are.
With that in mind, the abundance precision levels
needed to calculate at least two independent populations
of planetary interior structures are not impossible. A
number of individual groups have been able to obtain
stellar abundances with precisions in the thousandths of
a dex, as mentioned earlier. For example, Ramı´rez et al.
(2014) employed a differential approach that determined
stellar abundances with respect to stars other than the
Sun, namely HIP 74500 and HIP 14954, that were more
similar in stellar properties with respect to the rest of
their sample. By using this technique, they were able to
remove systematic errors typically associated with tem-
perature or metallicity. In a similar vein, Nissen (2015,
2016) measured the abundances in only those stars from
the Sousa et al. (2008) sample that were solar twins, or
stars that were within ±100 K in Teff , ±0.15 in log(g) ,
and ±0.10 dex in [Fe/H] as compared to the Sun. Spina
et al. (2016) chose a set of 14 solar twins based pre-
dominantly on their color in both the optical and in-
frared spectrum as compared to the Sun. Adibekyan
et al. (2016) worked with a set of 40 stars that had ages
close to that of the Sun. Additionally, while they limited
Teff and log(g) to be solar-like, they noted that the varia-
tion in their stellar parameters was likely the reason that
they were not able to achieve the precision determined
by other groups.
Finally, the implementation of local thermodynamic
equilibrium (LTE) vs. non-LTE within stellar atmo-
spheric models has been found to yield dramatically dif-
ferent results for a number of elements (i.e. Gehren et al.
2006). In some cases, the effects of NLTE on certain ele-
ments is small, for example in Bensby et al. (2014); Luck
(2017). However, NLTE seems to be particularly impor-
tant for stars with a low metallicity, or [Fe/H] < -1.0,
where the the stellar models deviate from solar (Zhao
et al. 2016). On the other hand, a line-by-line differ-
ential method to determine the stellar abundances, as
implemented by many of the above groups, is useful for
cancelling out the difference between LTE and NLTE.
Overall, in order to achieve high precision, the sensitiv-
ity of the stellar atmospheric models must be accounted
for, such that the similar stars are compared to one an-
other per the abundance ratios. Additionally, extremely
high resolution spectra is required. While this approach
severely limits the number of stars for which planetary
interiors can be distinguished, it does highlight a path
forward.
5. PHYSICAL PROPERTIES WHEN DEFINING HABITABLE
PLANETS
The chemical and physical properties of a star need to
be considered in tandem. While we have talked about the
stellar abundances, we now consider the physical charac-
teristics of the star that are important for habitability.
For example, the measurement of stellar activity (via Ca
II H and K lines defined as the R
′
HK index) indicates
the strength of stellar magnetic field, which is directly
responsible for the structure of the corona and propa-
gation of solar winds and flares. Therefore, it is im-
portant for habitability that a star have relatively low
stellar activity. In this section we analyze the properties
of the stellar systems as it pertains to the habitability
of potential terrestrial planets. Additionally, we have
provided both the optimistic and conservative HZ radii
(Kopparapu et al. 2013, 2014) for all 10 stars in Table
2, indicating where liquid water could be expected on
the surface of a planet. We have also determined an es-
timate of the periods and radial velocity measurements
expected for potential Earth-like planets orbiting the ten
stars at both the conservative and optimistic HZ radii,
per the equations in Kane (2007). Since we do not have
stellar masses for our sample, we calculate an approx-
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imation using a main-sequence mass-temperature rela-
tionship: (M/M)2.5 = (T/T)4, the values of which
are listed in Table 2. In this way, we hope to provide a
reference for the RV precision required to detect poten-
tial planets in the context of upcoming space missions
like PLATO, which will be dedicated to searching for
these kind of planets.
5.0.1. HIP 108870 –  Ind
As shown in Table 1, HIP 108870 is the closest star in
our sample. Endl et al. (2002) used the radial velocity
(RV) technique, or the “wobble” method which gauges
the motion of a star’s center of mass due to a companion,
and found that the system had a low-amplitude linear
trend. This behavior was determined to be a brown-
dwarf binary system separated by 2.65 AU at a distance
of 1459 AU (Volk et al. 2003; McCaughrean et al. 2004;
Scholz et al. 2003). Because of the large separation be-
tween the main sequence star and the brown-dwarf bi-
nary (note: Pluto is ∼40 AU from the Sun), we found
that the companion had little impact on the primary star
and therefore we kept this target within the sample. Jan-
son et al. (2009); Zechmeister et al. (2013) both came to a
similar conclusion when looking for nearby, Jupiter-mass
planets, such that the binary-dwarfs could only account
for an acceleration of 0.009 m/s/yr, an extremely small
effect. Long-term trends were found in both studies in
the RV, namely 2.4 m/s/yr (Zechmeister et al. 2013), and
with respect to stellar activity per log R
′
HK . However,
while the trends could be explained by massive plane-
tary companion, there has been no detection of a giant
planet. Additionally, the authors noted that the trends
in RV and log R
′
HK could be coincidental. Due to the
high precision RVs and imaging via HST/NICMOS and
VLT/NACO (Geißler et al. 2007; Janson et al. 2009),
it is safe to conclude that HIP 108870 is not an active
star. Despite the presence of an extremely wide brown-
dwarf binary companion, the literature reports that HIP
108870 is a relatively quiet, inactive star. And while
there appear to be indirect signs of a possible orbiting
planet, the search for one has not been successful. It is
clear from the multiple previous observations that HIP
108870 is an excellent star for hosting a planet that has a
good chance of being habitable from a physical perspec-
tive.
5.0.2. HIP 96100 – σ Dra
HIP 96100 has an estimated radius of R = 0.778 ±
0.008 R and age of ∼5-10 Gyr based on multiple stel-
lar isochrones per Boyajian et al. (2008, and references
therein). HIP 96100 is an RV constant star such that it
was used to track the zero-point drift of HIRES on the
10.2 Keck telescope in Courcol et al. (2015). Therefore it
is likely there are no giant exoplanets in the system. Ulti-
mately, the constant nature of the stellar activity means
that HIP 96100 has all the physical qualities to host a
habitable, terrestrial planet.
5.0.3. HIP 99240 – δ Pav
HIP 99240 is relatively stable in the RV, ruling out
any massive secondary companions either close to the
star or in a wide orbit (Wielen et al. 1999). Velocity
oscillations via asteroseismology were found to be cen-
tered on 2.3 mHz, with peak amplitudes similar to the
Sun (Kjeldsen et al. 2005). Additionally, with respect to
potential planet formation, there does not appear to be a
cold dust disk around HIP 99240 (Eiroa et al. 2010). In
other words, if a planet is orbiting HIP 99240, it is likely
a smaller, terrestrial planet. The physical similarity of
HIP 99240 to the Sun means that it would be a good
location for a habitable, Earth-sized planet.
5.0.4. HIP 3765 – HD 4628
HIP 3765 shows low levels of stellar activity per the
Ca II H and K emission (Mathioudakis et al. 1994; Affer
et al. 2005). The stellar age was determined to be 3 ± 1.5
Gyr based on theoretical isochrones in Affer et al. (2005),
although we note that the [Fe/H] abundance value they
used in that determination, namely -0.27 dex, is slightly
lower than the value we report here in Table 4: [Fe/H] =
-0.20. The consistency of the stellar activity means such
a planet around HIP 96100 would be physically stable in
terms of habitability.
5.0.5. HIP 2021 – β Hyi
HIP 2021 has been studied via astroseismology in or-
der to 1) determine its mass and radius (North et al.
2007) as well as 2) measure the effect of stellar oscil-
lation and granulation to minimize planetary detection
limitations (Dumusque et al. 2011). While a number of
studies have analyzed the RV data of this target (e.g.
Endl et al. 2002), that data was compiled by Zechmeis-
ter et al. (2013) who found no obvious trend in the data.
The lack of an RV trend may be due to a discrepancy
in the RV data or perhaps a correlation with the star’s
magnetic cycle. Despite the low activity of the star and
techniques to increase planet detectability, no giant plan-
ets have been discovered around HIP 2021.
5.0.6. HIP 7981 – 107 Psc
HIP 7981 is a chromospherically active star, which
has an observed short-term pattern of starspots (Messina
et al. 1999) and cyclical luminosity variations that can be
multiple times that of the Sun (Radick 2001). From our
literature search, it does not appear as though this star
has been directly or pointedly observed, especially with
respect to planetary surveys, in the last few decades.
5.0.7. HIP 23311 – HD 32147
HIP 23311 is a member of the HR 1614 moving group
(Eggen 1978, 1992), namely an association of stars from
the same stellar birth cloud, with similar galactic ve-
locity, that was later disrupted by differential galactic
rotation to form an elongated “tube” (Antipova & Bo-
yarchuk 2015). While studying the chemical abundances
for stars in HR 1614 group, Antipova & Boyarchuk (2015)
found that, unlike the other members that had [Fe/H] ∼
0.2-0.3 dex, HIP 23311 was anomalous. Namely, the at-
mospheric parameters log(g) and Teff were too low to be
consistent with a dwarf star. Additionally, HIP 23311
had [Fe/H] = -0.14 dex while being enriched in Na, Mg,
Al, and Si as compared to other members of the moving
group. The authors concluded, in a separate study (An-
tipova & Boyarchuk 2016), that the dwarf star exhibits
solar-like activity in the form cool, dark, often large star
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spots. These star spots affected the equivalent widths of
the spectral lines, which resulted in the anomalous and
incorrect abundance measurements. The large star spots
and corresponding high stellar activity, which can man-
ifest in intense UV and X-ray radiation, could impose
varying, perhaps unpredictable, physical conditions on
an orbiting terrestrial planet (Garraffo et al. 2017).
5.0.8. HIP 17378 – δ Eri
HIP 17378 has been classified as a variable of RS CVn
type6, which are defined as close binary systems that
have high chromospheric activity and star spots. How-
ever, there has been no observation of any stellar activ-
ity, including the X-ray, photometric, or emission from
the H and K lines (The´venin et al. 2005, and references
therein). Additionally, there is no RV variation or any
considerable photometric change. Therefore, The´venin
et al. (2005) pointedly searched for a companion star
using the VLTI and found there was no companion to
within ±2% of the luminosity of HIP 17378, or L/Lodot =
3.19 ± 0.06. The authors conclude that the RS CVn clas-
sification is doubtful. The first three oscillation modes in
HIP 17378 have also been observed, namely (l, m) = (1,
1), (2, 1), and (1, 0/-1), where the latter m-mode could
not be disentangled (Hekker & Aerts 2010). Their work
implied that the non-radial modes were the dominant
frequency – a widely debated topic in red-giant stars at
that time. Additionally, while the classification of RS
CVn means that an orbiting planet would receive a lot
of high energy radiation, the lack of any observed stellar
activity is encouraging for habitability.
5.0.9. HIP 57939 – HD 103095
HIP 57939 originated from the halo of the Milky Way,
making it the closest halo star to the Sun. It has also
been chosen as a benchmark star for the Gaia mission
(Jofre´ et al. 2014). It is difficult to measure not only the
Teff of metal-poor stars, but also to match observations
with models of stellar structure and evolution and, there-
fore, to determine the fundamental properties of the star
(Creevey et al. 2012). Those stellar parameters found
by Soubiran et al. (2016) can be found in Table 1. Age
estimations for this star vary from 5.261 ± 4.089 Gyr to
10.19 ± 1.58 Gyr as laid out by Mishenina et al. (2017,
and references therein) to 12.0 ± 0.2+1.8−2.2 Gyr (Creevey
et al. 2012). Since little is known about the physical
properties of the HIP 57939 star, it is unclear how it
would influence an orbiting exoplanet.
5.0.10. HIP 64394 – β Com
The magnetic field of solar-like HIP 64394 was mea-
sured by Gray et al. (1996); Plachinda & Tarasova
(1999). The latter used the S index per the H and K
lines over a baseline of 5 years and found a δ S ∼ 0.025
dip in activity, the largest seen since 1966. Additionally,
there was an photometric dip ≈ 5 mmag and a temper-
ature variation of ≈ 30 K during that same epoch as the
magnetic activity (Plachinda & Tarasova 1999). The ul-
timate implication is that the magnetic change drove the
variation in the b and y photometry and temperature.
The physical properties and stellar activity of HIP 64394
6 http://simbad.u-strasbg.fr/simbad/sim-fbasic
are variable enough that it might detrimentally impact
the habitability of a orbiting planet.
6. CONCLUSION
Defining planetary habitability and Earth-likedness is
a difficult task, one that is compounded by the fact that
there is only a single data point for reference, namely,
the Earth. One of the most prevalent definitions of the
habitable zone assumes “Earth-like” conditions on the
planet and asserts that the most important factor to in-
fluence habitability is the presence of water in it’s liquid
state since “all organisms with which we are familiar re-
quire liquid water during at least part of their life cycle”
(Kasting et al. 1993). However, as our understanding of
exoplanets and their ranges in sizes, masses, potential
compositions, and stellar hosts has expanded, as a re-
sult of the Kepler Mission (Batalha et al. 2013), so too
must the definition of habitability (Tasker et al. 2017).
It is still of paramount importance that a planet main-
tain a stable temperature that is conducive to Earth-life.
However, atmosphere is an important consideration – for
example, Venus-analogs which would not be considered
habitable (Kane et al. 2014). Additionally, the geochem-
ical activity of a planet, namely plate tectonics or other
recycling processes, climate, and geodynamo, must also
be taken into consideration (Foley & Driscoll 2016). Ul-
timately, the term “habitable” must be be expanded to
not only consider if water could be in its liquid state on
the surface of the planet, but whether the geochemical
processes necessary for life are present at all. It is only
by applying a truly holistic approach, modeling both the
chemical and physical properties along with interior and
exterior cycling of a planetary system, that a planet can
be considered “alive” or even “Earth-like.”
In this paper, we started by considering 10 stellar sys-
tems that are near to the Sun, namely stars around which
it is most likely a terrestrial, rocky exoplanet will soon
be discovered. When determining the mineralogies and
structures of these potential planets, we realized that
they were remarkably similar (see Paper II, Unterborn
& Hinkel 2017). The reason for the model homogeneity
was due in part to the fact that, while the stellar abun-
dances were notably disparate (see Table 3-4), the molar
fractions were consistent (Table 6 and Figure 2). Addi-
tionally, when using the planet building code ExoPlex,
we took advantage of the spread in the stellar abundance
measurements – or the range in determinations by dif-
ferent groups for the same element in the same star –
as the true uncertainty in the abundances. These two
factors resulted in planetary mineralogies and structures
that were relatively uniform (Unterborn & Hinkel 2017).
Our primary assumption within this paper is that
the composition of the host star is that of the result-
ing terrestrial planets. This assumption is well founded
given the materials that go on to form rocky planets
within the disk: high temperature, refractory conden-
sates, primarily silicates and metallic iron. These re-
fractory minerals are dominated by the so called ma-
jor planet-building elements: O, Mg, Si, and Fe (conse-
quently the four most abundant elements in the Earth,
McDonough 2003). While each of these elements are
broadly considered refractory, they do not each condense
at the exact same temperature. Instead, they condense
at an initial temperature, continuing radially over a range
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of temperatures until reaching temperatures where they
are entirely stable within solid rather than gas species
(Bond et al. 2010b,a; Thiabaud et al. 2015; Unterborn &
Panero 2017). The initial condensation temperatures of
these refractory elements are within 3 K of each other,
while the 50% condensation temperatures are within 30
K of one another (Lodders 2003). Mixing between vari-
ous compositionally distinct radial zones within the disk
is possible, however, only small variations (∼10%) away
from host start abundances and their associated ratios
are expected (Bond et al. 2010b,a). The minor planet-
building elements, such as the moderate volatiles (Na,
K), do not follow this one-to-one trend. This is due
to their inherent volatility, where disk processes such as
melting and subsequent impacts during formation frac-
tionate their abundances relative to the major elements.
While the moderate volatile elements are important for
the potential crustal composition of a rocky exoplanet
(Unterborn & Panero 2017), they do not drastically af-
fect the bulk mantle mineralogy of the planet, and there-
fore variations in minor element abundance will not be
reflected in mass-radius studies (Dorn et al. 2015; Unter-
born & Panero 2017). Thus, our assumption that host
star composition is roughly that of the terrestrial planet
is sound for our purposes of gauging the potential first-
order mineralogy of these systems for broad comparative
planetology.
While it is our intention to analyze the planetary struc-
ture for stars and planets very much unlike the Earth –
in terms of molar fractions, we leave that analysis to an-
other paper. Instead, we focused on calculating what un-
certainty (or spread) is needed in the stellar abundances
in order to determine two populations of planets with
mineralogies and structures that were unique and dis-
cernible. For our sample of 10 stars nearest to the Sun,
we found that the precisions in the abundances need to be
[Fe/H] < 0.02 dex, [Si/H] < 0.01 dex, [Al/H] < 0.002 dex,
while [Mg/H] and [Ca/H] < 0.001 dex. Note that since
all of the molar fractions were with respect to Mg, there
is a degeneracy for the precision required for [Mg/H].
However, since Ca/Mg required the most strict preci-
sion, we adopted that requirement for [Mg/H] as well.
For all of the stars within Hypatia, the precisions in the
abundances were not much better than our smaller sub-
sample: [Fe/H] and [Si/H] < 0.03 dex, [Al/H] < 0.004
dex, while [Mg/H] and [Ca/H] < 0.002 dex.
While the precision levels required to determine unique
planetary structures are high, they aren’t impossible. Ul-
timately, they require a more concerted effort on the part
of both individual groups and the stellar abundance com-
munity as a whole to reduce both the error and the spread
in the stellar abundances. Fortunately, within the last
few years, there appears to be a more unified endeavor to
better understand the measurement techniques between
stellar abundance groups, for example the teams that
participated in such studies as Smiljanic et al. (2014);
Jofre´ et al. (2015); Hinkel et al. (2016).
However, even when stellar abundance compositions
are measured consistently with high precision, the plan-
etary interior and structure is only one aspect of habit-
ability. The atmosphere, surface temperature, and activ-
ity levels of the host star need to be taken into account,
such that the planetary surface and interior processes can
be understood as a unified system. Therefore, we can-
not say whether or not terrestrial planets orbiting the 10
stars nearest to the Sun, analyzed here, are habitable.
However, given that many of the stellar hosts have low
activity levels and that mineralogies are not too dissimi-
lar to the Earth, we find that these 10 systems are a good
place to look for potentially habitable, rocky planets.
APPENDIX
In an effort to be transparent with respect to stellar systems we did not analyze in this manuscript, below we list
the particular systems we excluded and why, as noted in in the text.
Stars removed because they are gravitational or spectroscopic binaries: HIP 71683 and 71681 (α Cen A & B, respec-
tively), HIP 104214 and 104217 (61 Cyg A & B, respectively), HIP 84405 (36 Oph), HIP 84478 (V* V2215 Oph), HIP
19849 (omi02 Eri), HIP 3821 (η Cas), HIP 37279 (α CMi), HIP 88601 (70 Oph), HIP 99461 (HD 191498), HIP 73184
(HD 131977), HIP 12114 (HD 16160), HIP 5336 (µ Cas), HIP 113283 (Fomalhaut), HIP 88601 (70 Oph), HIP 73184
(HD 131977), HIP 99461 (HD 191408), HIP 12114 (HD 16160), HIP 86974 (µ Her), HIP 61317 (β CVn), HIP 27913
(χ01 Ori), HIP 32984 (HD 50281), HIP 84720 (41 Ara), HIP 99825 (HD 192310), HIP 27072 (γ Lep).
Stars removed because they are already known to host exoplanets: HIP 113020 (BD-15 6290), HIP 16537 ( Eri), HIP
15510 (82 Eri), HIP 8102 (τ Ceti), and HIP 64924 (61 Vir) from our sample list.
Stars excluded because they had abundances values for any of the 5 elements [X/H] with spreads > 0.70 dex: HIP
45343 (HD 79210), HIP 49908 (HD 88230), HIP 85295 (GJ 673), HIP 113576 (HD 217357), and HIP 1599 (ζ Tuc).
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TABLE 1
Measured Stellar Properties of the Sample
HIP Alt. RA Dec dist Spec V Teff log(g)
Name (deg) (deg) (pc) Type mag (K)
108870  Indi 330.840 -56.786 3.62 K4V(k) 4.69 4638.5 4.54
96100 σ Dra 293.090 69.661 5.76 K0V 4.68 5278.7 4.49
99240 δ Pav 302.182 -66.182 6.11 G8IV 3.56 5546.1 4.26
3765 HD4628 12.096 5.281 7.45 K2.5V 5.74 4998.2 4.63
2021 β Hyi 6.438 -77.254 7.46 G0V 2.79 5799.0 4.02
7981 107 Psc 25.624 20.269 7.53 K1V 5.24 5197.3 4.45
23311 HD32147 75.204 -5.754 8.71 K3+V 6.21 4808.7 4.41
17378 δ Eri 55.812 -9.763 9.04 K1III-IV 3.54 5029.1 3.82
57939 HD103095 178.245 37.719 9.09 K1VFe-1.5 6.45 5041.2 4.63
64394 β Com 197.968 27.878 9.13 F9.5V 4.25 5975.5 4.43
TABLE 2
Calculated Stellar Properties of the Sample
HIP Calc St. Optimistic Inner Conservative Inner Conservative Outer Optimistic Outer
Mass HZ RV amp Period HZ RV amp Period HZ RV amp Period HZ RV amp Period
(M) (AU) (m/s) (days) (AU) (m/s) (days) (AU) (m/s) (days) (AU) (m/s) (days)
108870 0.704 0.796 0.1699 309.18 1.008 0.1509 440.59 1.851 0.1114 1096.37 1.950 0.1085 1185.49
96100 0.865 0.772 0.1265 266.29 0.978 0.1124 379.70 1.751 0.0840 909.61 1.840 0.0819 979.84
99240 0.937 0.761 0.1131 250.52 0.964 0.1005 357.17 1.710 0.0755 843.83 1.802 0.0735 912.83
3765 0.793 0.783 0.1432 284.15 0.992 0.1272 405.20 1.796 0.0945 987.09 1.893 0.0921 1068.13
2021 1.006 0.750 0.1024 236.51 0.949 0.0910 336.64 1.674 0.0685 788.68 1.762 0.0668 851.68
7981 0.844 0.776 0.1309 271.72 0.982 0.1164 386.81 1.765 0.0868 932.06 1.860 0.0846 1008.31
23311 0.745 0.790 0.1564 297.01 1.001 0.1389 423.62 1.826 0.1029 1043.70 1.925 0.1002 1129.72
17378 0.801 0.782 0.1412 282.21 0.991 0.1254 402.59 1.790 0.0933 977.32 1.886 0.0909 1056.98
57939 0.804 0.782 0.1403 281.66 0.990 0.1247 401.21 1.790 0.0928 975.44 1.883 0.0904 1052.44
64394 1.055 0.741 0.0959 226.77 0.939 0.0852 323.48 1.648 0.0643 752.12 1.736 0.0626 813.16
TABLE 3
Stellar Abundances for the 10 Nearest Stars
HIP [Mg/H] sp[Mg/H] [Al/H] sp[Al/H] [Mg/H]Al sp[Mg/H]Al [Si/H] sp[Si/H] [Mg/H]Si sp[Mg/H]Si
108870 -0.08 0.37 -0.04 0.01 -0.08 0.37 -0.12 0.20 -0.08 0.37
96100 -0.11 0.31 -0.17 0.27 -0.03 0.31 -0.20 0.21 -0.11 0.31
99240 0.40 0.16 0.38 0.27 0.41 0.16 0.39 0.15 0.40 0.16
3765 -0.09 0.26 -0.15 0.24 -0.03 0.26 -0.20 0.10 -0.09 0.26
2021 -0.01 0.18 -0.06 0.27 0.01 0.14 -0.06 0.16 -0.01 0.18
7981 0.10 0.15 0.03 0.19 0.11 0.15 0.01 0.15 0.10 0.15
23311 0.55 0.43 0.49 0.36 0.45 0.43 0.40 0.28 0.55 0.43
17378 0.28 0.32 0.26 0.24 0.28 0.32 0.18 0.25 0.28 0.32
57939 -1.02 0.27 -1.42 0.25 -1.13 0.27 -1.09 0.22 -1.02 0.27
64394 0.06 0.23 0.05 0.13 0.06 0.08 0.03 0.13 0.06 0.23
TABLE 4
Stellar Abundances for the 10 Nearest Stars (cont.)
HIP [Ca/H] sp[Ca/H] [Mg/H]Ca sp[Mg/H]Ca [Fe/H] sp[Fe/H] [Mg/H]Fe sp[Mg/H]Fe
108870 -0.08 0.48 -0.08 0.37 -0.07 0.41 -0.08 0.37
96100 -0.16 0.22 -0.07 0.31 -0.15 0.35 -0.11 0.31
99240 0.32 0.24 0.41 0.10 0.37 0.27 0.40 0.16
3765 -0.18 0.21 -0.03 0.26 -0.20 0.29 -0.09 0.26
2021 0.00 0.02 0.03 0.08 -0.09 0.49 -0.01 0.18
7981 -0.01 0.17 0.11 0.15 0.01 0.35 0.10 0.15
23311 0.32 0.36 0.45 0.43 0.32 0.26 0.55 0.43
17378 0.14 0.30 0.28 0.32 0.19 0.44 0.28 0.32
57939 -1.05 0.17 -1.01 0.27 -1.24 0.27 -1.02 0.27
64394 0.11 0.16 0.07 0.08 0.11 0.33 0.06 0.23
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TABLE 5
Molar Ratios and Errors of Sample Stars (dex)
HIP Al/Mg σAl/Mg Si/Mg σSi/Mg Ca/Mg σCa/Mg Fe/Mg σFe/Mg
108870 0.09 0.43 0.87 0.48 0.06 0.70 0.83 0.64
96100 0.06 0.47 0.78 0.43 0.05 0.44 0.74 0.54
99240 0.08 0.36 0.93 0.25 0.05 0.30 0.76 0.36
3765 0.06 0.41 0.74 0.32 0.04 0.38 0.63 0.45
2021 0.07 0.35 0.85 0.28 0.06 0.09 0.68 0.60
7981 0.07 0.28 0.78 0.24 0.05 0.26 0.66 0.44
23311 0.09 0.65 0.68 0.59 0.05 0.65 0.48 0.58
17378 0.08 0.46 0.76 0.47 0.04 0.51 0.66 0.63
57939 0.04 0.42 0.81 0.40 0.06 0.37 0.49 0.44
64394 0.08 0.18 0.89 0.30 0.07 0.21 0.91 0.46
Sun 0.09 0.95 0.06 0.81
ACKNOWLEDGMENTS
The authors would like to thank Eric Mamajek and Maggie Turnbull for fruitful conversations as well as Stephen
Kane for helpful calculations. NRH would like to thank CHW3 and acknowledges the support of the Vanderbilt Office
of the Provost through the Vanderbilt Initiative in Data-intensive Astrophysics (VIDA) fellowship. The research shown
here acknowledges use of the Hypatia Catalog Database, an online compilation of stellar abundance data as described in
Hinkel et al. (2014), which was supported by NASA’s Nexus for Solar System Science (NExSS) research coordination
network and VIDA. The results reported herein benefited from collaborations and/or information exchange within
NASA’s NExSS research coordination network sponsored by NASA’s Science Mission Directorate. This research has
made use of the NASA Exoplanet Archive, which is operated by the California Institute of Technology, under contract
with the National Aeronautics and Space Administration under the Exoplanet Exploration Program. This research
has made use of the Vizier catalogue access tool and Simbad portal via the CDS, Strasbourg, France.
REFERENCES
Adibekyan, V., Delgado-Mena, E., Figueira, P., et al. 2016, A&A,
592, A87
Affer, L., Micela, G., Morel, T., Sanz-Forcada, J., & Favata, F.
2005, A&A, 433, 647
Anders, E., & Grevesse, N. 1989, Geochimica et Cosmochimica
Acta, 53, 197
Anderson, W. W., & Ahrens, T. J. 1994, Journal of Geophysical
Research, 99, 4273+
Anglada-Escude´, G., Amado, P. J., Barnes, J., et al. 2016,
Nature, 536, 437
Antipova, L. I., & Boyarchuk, A. A. 2015, Astronomy Reports,
59, 1015
—. 2016, Astronomy Reports, 60, 145
Asplund, M., Grevesse, N., Sauval, A. J., & Scott, P. 2009,
ARA&A, 47, 481
Batalha, N. M., Rowe, J. F., Bryson, S. T., et al. 2013, ApJS,
204, 24
Bensby, T., Feltzing, S., & Oey, M. S. 2014, A&A, 562, A71
Bond, J. C., Lauretta, D. S., & O’Brien, D. P. 2010a, Icarus, 205,
321
Bond, J. C., O’Brien, D. P., & Lauretta, D. S. 2010b, ApJ, 715,
1050
Boss, A. P. 1997, Science, 276, 1836
Boyajian, T. S., McAlister, H. A., Baines, E. K., et al. 2008, ApJ,
683, 424
Connolly, J. A. D. 2009, Geochemistry, Geophysics, Geosystems,
10, n/a, q10014
Courcol, B., Bouchy, F., Pepe, F., et al. 2015, A&A, 581, A38
Creevey, O. L., The´venin, F., Boyajian, T. S., et al. 2012, A&A,
545, A17
Deming, D., & Seager, S. 2017, ArXiv e-prints, arXiv:1701.00493
Dorn, C., Hinkel, N. R., & Venturini, J. 2016, ArXiv e-prints,
arXiv:1609.03909
—. 2017, A&A, 597, A38
Dorn, C., Khan, A., Heng, K., et al. 2015, A&A, 577, A83
Dumusque, X., Udry, S., Lovis, C., Santos, N. C., & Monteiro,
M. J. P. F. G. 2011, A&A, 525, A140
Dziewonski, A. M., & Anderson, D. L. 1981, Physics of the Earth
and Planetary Interiors, 25, 297
Eggen, O. J. 1978, ApJ, 222, 203
—. 1992, AJ, 104, 1906
Eiroa, C., Fedele, D., Maldonado, J., et al. 2010, A&A, 518, L131
Elser, S., Meyer, M. R., & Moore, B. 2012, Icarus, 221, 859
Endl, M., Ku¨rster, M., Els, S., et al. 2002, A&A, 392, 671
Foley, B. J., & Driscoll, P. E. 2016, Geochemistry, Geophysics,
Geosystems, 17, 1885
Garraffo, C., Drake, J. J., Cohen, O., Alvarado-Go´mez, J. D., &
Moschou, S. P. 2017, ApJL, 843, L33
Gehren, T., Shi, J. R., Zhang, H. W., Zhao, G., & Korn, A. J.
2006, A&A, 451, 1065
Geißler, K., Kellner, S., Brandner, W., et al. 2007, A&A, 461, 665
Gray, D. F., Baliunas, S. L., Lockwood, G. W., & Skiff, B. A.
1996, ApJ, 456, 365
Grevesse, N., & Sauval, A. J. 1998, Space Sci Rev, 85, 161
Hekker, S., & Aerts, C. 2010, A&A, 515, A43
Hinkel, N. R., Timmes, F. X., Young, P. A., Pagano, M. D., &
Turnbull, M. C. 2014, AJ, 148, 54
Hinkel, N. R., Young, P. A., Pagano, M. D., et al. 2016, ApJS,
226, 4
Hinkel, N. R., Mamajek, E. E., Turnbull, M. C., et al. 2017,
ArXiv e-prints, arXiv:1709.04465
Janson, M., Apai, D., Zechmeister, M., et al. 2009, MNRAS, 399,
377
Jofre´, P., Heiter, U., Soubiran, C., et al. 2014, A&A, 564, A133
—. 2015, A&A, 582, A81
Kane, S. R. 2007, MNRAS, 380, 1488
Kane, S. R., Kopparapu, R. K., & Domagal-Goldman, S. D. 2014,
ApJL, 794, L5
Kasting, J. F., Whitmire, D. P., & Reynolds, R. T. 1993, Icarus,
101, 108
Kjeldsen, H., Bedding, T. R., Butler, R. P., et al. 2005, ApJ, 635,
1281
Kopparapu, R. K., Ramirez, R. M., SchottelKotte, J., et al. 2014,
ApJL, 787, L29
Kopparapu, R. K., Ramirez, R., Kasting, J. F., et al. 2013, ApJ,
765, 131
Lodders, K. 2003, ApJ, 591, 1220
Lodders, K., Plame, H., & Gail, H.-P. 2009, Abundances of the
Elements in the Solar System, Vol. 4B (Berlin, Heidelberg, New
York: Springer-Verlag), 44
The Star-Planet Connection 15
Lorenzo, A., Unterborn, C., Ko, B., & Desch, S. 2017, in prep
Luck, R. E. 2017, AJ, 153, 21
Luck, R. E., & Heiter, U. 2005, AJ, 129, 1063
Maldonado, J., Eiroa, C., Villaver, E., Montesinos, B., & Mora,
A. 2015, A&A, 579, A20
Mathioudakis, M., Drake, J. J., Vedder, P. W., Schmitt,
J. H. M. M., & Bowyer, S. 1994, A&A, 291, 517
McCaughrean, M. J., Close, L. M., Scholz, R.-D., et al. 2004,
A&A, 413, 1029
McDonough, W. F. 2003, Compositional Model for the Earth’s
Core (Elsevier), 547–568
Messina, S., Guinan, E. F., Lanza, A. F., & Ambruster, C. 1999,
A&A, 347, 249
Mishenina, T., Pignatari, M., Coˆte´, B., et al. 2017, MNRAS, 469,
4378
Moriarty, J., Madhusudhan, N., & Fischer, D. 2014, ApJ, 787, 81
Nissen, P. E. 2015, A&A, 579, A52
—. 2016, A&A, 593, A65
North, J. R., Davis, J., Bedding, T. R., et al. 2007, MNRAS, 380,
L80
Plachinda, S. I., & Tarasova, T. N. 1999, ApJ, 514, 402
Pollack, J. B., Hubickyj, O., Bodenheimer, P., et al. 1996, Icarus,
124, 62
Radick, R. R. 2001, Advances in Space Research, 26, 1739
Ramı´rez, I., Mele´ndez, J., & Asplund, M. 2014, A&A, 561, A7
Scholz, R.-D., McCaughrean, M. J., Lodieu, N., & Kuhlbrodt, B.
2003, A&A, 398, L29
Smiljanic, R., Korn, A. J., Bergemann, M., et al. 2014, A&A, 570,
A122
Soubiran, C., Le Campion, J.-F., Brouillet, N., & Chemin, L.
2016, A&A, 591, A118
Sousa, S. G., Santos, N. C., Mayor, M., et al. 2008, A&A, 487, 373
Spina, L., Mele´ndez, J., & Ramı´rez, I. 2016, A&A, 585, A152
Stixrude, L., & Lithgow-Bertelloni, C. 2005, Geophysical Journal
International, 162, 610
Tasker, E., Tan, J., Heng, K., et al. 2017, Nature Astronomy, 1,
0042
The´venin, F., Kervella, P., Pichon, B., et al. 2005, A&A, 436, 253
Thiabaud, A., Marboeuf, U., Alibert, Y., Leya, I., & Mezger, K.
2015, A&A, 580, A30
Thorngren, D. P., Fortney, J. J., Murray-Clay, R. A., & Lopez,
E. D. 2016, ApJ, 831, 64
Torres, G., Fischer, D. A., Sozzetti, A., et al. 2012, ApJ, 757, 161
Unterborn, C., & Hinkel, N. 2017, in prep
Unterborn, C. T., Desch, S. J., Hinkel, N., & Lorenzo, A. 2017a,
ArXiv e-prints, arXiv:1706.02689
Unterborn, C. T., Dismukes, E. E., & Panero, W. R. 2016, AJ,
819, 32+
Unterborn, C. T., Hull, S. D., Stixrude, L. P., et al. 2017b, ArXiv
e-prints, arXiv:1706.10282
Unterborn, C. T., Kabbes, J. E., Pigott, J. S., Reaman, D. M., &
Panero, W. R. 2014, ApJ, 793, 124
Unterborn, C. T., & Panero, W. R. 2017, ApJ, 845, 61
Volk, K., Blum, R., Walker, G., & Puxley, P. 2003, IAU Circ.,
8188
Wielen, R., Dettbarn, C., Jahreiß, H., Lenhardt, H., & Schwan,
H. 1999, A&A, 346, 675
Zechmeister, M., Ku¨rster, M., Endl, M., et al. 2013, A&A, 552,
A78
Zhao, G., Mashonkina, L., Yan, H. L., et al. 2016, ApJ, 833, 225
